Introduction
Removal of SO2 from gases by absorption is an important process for air pollution control. A knowledge of gas-and liquid-film mass transfer coefficients for absorption of SO2 by water droplets is of importance in designing spray scrubbers for this purpose. Although extensive studies have been made on the gas-film mass transfer coefficient around a sphere since the work of Frossling,3) the mass transfer coefficient within a liquid droplet has not been fully investigated.
In this paper, the authors report experimental results on the liquid-film mass transfer coefficient for the absorption of SO2by water droplets.
Experimental
Experiments were carried out using the apparatus illustrated in Fig. 1 . A mixture of SO2 and nitrogen with SO2concentration of620, 1126, or 1968ppmwas passed through the absorption column (41 mmi.d.). The gas was saturated with water vapor, before it was fed to the column, by passing the nitrogen gas through a humidifier. The linear velocity of the gas in the column was kept at 3.3 cmà"s~1 at 20°C by regulating its volumetric flow rate with calibrated rotameters. Distilled water and NaOHsolution of 0.01mol-dm"3 were used as absorbents.
Ten cm3 of the absorbing liquid was fed by a precision syringe feeder to a hypodermic needle by which droplets of a constant diameter of 2.2mm were formed, approximately every 2 seconds. The droplet diameter was determined separately by collecting thirty droplets and weighing them. The surface area of the droplets was calculated on the assumption that they were spheres. The droplet formation section was purged with a small amount of nitrogen to prevent absorption of SO2 during drop formation. The droplets were collected in a cup placed at the bottom of the absorption column for analysis.
Concentrations of the absorbed SO2 were determined by iodometry. A kerosene film was used to shield the collected liquid from the gas stream. Preliminary experiments showed that it was effective for this purpose. The length of the absorption column was varied from 23 to 113cm, which corresponds to contact times of 0.155 to 0.431 second. All experiments werecarried out in a roomwherethe temperature was kept at 20± 1°C.
Absorption Rate
The fundamentals of the process involved in the absorption of sulfur dioxide in water are shown by the following reactions2)
HSO3^SO3 +H+ (2) The first part of reaction (1) represents the equilibrium at the gas-liquid interface. Henry's law was shown to describe the equilibrium between SO2(g) and SO2(1).8)
The second part of reaction (1) regarded as instantaneous.
The second ionization reaction (2) is so small in the aqueous solution of SO2 that it may be safely neglected.^Hence, the absorption of SO2 into water maybe regarded as a mass transfer process accompanied by an instantaneous reaction of the form A^E+F. For this case, the absorption rate is given by5)
Rearranging Eq. (4) To obtain dcjdt, the data points were fitted to a hyperbolic curve z=a1ct+a2c?
where ax and a2 were determined by the method of The A1 involved in j8 was calculated by the following equation, obtained from Eqs. (3), (4), (8) , and (ll).
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The gas-film mass transfer coefficient was calculated by the equation proposed by Frossling3) 170 The calculated velocities agreed very well with the velocities measured by photographic means using a stroboscope.
Results and Discussion
Since the accuracy of the liquid-film mass transfer coefficients obtained in this study is dependent on the accuracy of the gas-film mass transfer coefficient calculated from Eq. (14), the applicability of Eq. (14) to the present system was checked by performing experiments using 0.01 mol-dm~3 NaOHsolution as an absorbent. The results are shown in Fig. 2 . The solid line in the figure indicates the calculated value for the case of kL=oo, where the resistance to mass transfer is solely in the gas phase. The experimental results are in excellent agreement with the calculated values, proving the applicability of Eq. (14) to this study. This result is also considered to indicate that the end effects may have been negligible. The average concentrations of total SO2 absorbed by water droplets, cv are plotted in Fig. 3 . The solid lines in the figure are simulated curves obtained from The enhancement factor decreases with SO2 concentration in the gas phase due to the increase in SO2 concentration at the gas-liquid interface. Mass transfer to a liquid sphere with internal circulation has been studied theoretically by Handlos and Baron.4) They gave an equation for liquid-film mass transfer coefficient under the assumption that the transfer process is by eddy diffusion and that the internal flow field is expressed by Hadamard's equation. The dotted line in Fig. 4 shows the calculated value using their equation. The discrepancy at shorter contact times may be due to internal circulation created by liquid flow through the hypodermic needle during the formation period, which might be stronger than that caused by the frictional forces from the gas phase. But the theoretical value for kL increases with [Pa] Down flow bubble columns, in which the gas is dispersed at the top of the column in a liquid flowing cocurrently and thereby the bubbles are forced downward in a direction opposite to their buoyancy, have become of interest lately.2~6'12'13) This system has the advantage that the gas residence time can be considerably increased as compared with that in the bubble column where the gas is dispersed from the bottom. The down flow system of present concern is identical to the above down flow bubble column in gas-liquid contacting mechanism but different in the method of supplying the gas. The objective of this study is to investigate the changes in gas holdup in down flow bubble columns with gas entrainment, and to comparethe results with those in bubble columns with gas sparging.
Experimental
A schematic diagram of the experimental setup is shown in Fig. 1 . The apparatus comprised four parts: liquid feed nozzle, column, separation tank and liquid circulation pump. The main body of the apparatus wasmadeof transparent acrylic resin. In operation, liquid was first introduced downwardthrough the short cylindrical nozzle (made of PVC) at the top of the column. The gas entrained by this liquid jet then produced gas bubbles in the liquid in the column. The mixed-phase flow of gas-liquid formed was forced out from the lower end of the column in a separation tank downward flow developed. The liquid separated from the gas in the separation tank was circulated back to the column by a pump. In experiments, the aerated liquid height Hf from the lower end of the column was held constant at 2.0m, but the diameters of the column and nozzle or the liquid jet length were varied within the range shownin Table 1 . In measuring the volume of gas entrained through the column, the gas separated in the tank was introduced into a replacement vessel. By measuring the volume of liquid replaced by the gas,7) the volumetric rate of entrained gas was determined. The meangas holdup based on Hf was measured by two different methods: the overflowing method8'10) and the method based on the pressure balance in the apparatus. It was ascertained that the values of gas holdup by these two Fig. 1 . Schematic diagram of experimental apparatus.
